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Abstract5
Oxygen, nitrogen and methane purification efficiencies for a common zir-6
conium getter are measured in 1050 Torr of xenon gas. Starting with impurity7
concentrations near 10−6 g/g, the outlet impurity level is found to be less8
than 120 · 10−12 g/g for O2 and less than 950 · 10
−12 g/g for N2. For methane9
we find residual contamination of the purified gas at concentrations varying10
over three orders of magnitude, depending on the purifier temperature and11
the gas flow rate. A slight reduction in the purifier’s methane efficiency is ob-12
served after 13 mg of this impurity has been absorbed, which we attribute to13
partial exhaustion of the purifier’s capacity for this species. We also find that14
the purifier’s ability to absorb N2 and methane can be extinguished long be-15
fore any decrease in O2 performance is observed, and slower flow rates should16
be employed for xenon purification due to the cooling effect that the heavy17
gas has on the getter.18
Key words: Noble gas, purification, non-evaporable heated zirconium19
getter, cold trap, mass spectroscopy20
1. Introduction21
Liquefied noble gases have been widely adopted as a particle detection22
medium in recent years. These materials are attractive candidates for detec-23
tors due to their low ionization potential, high scintillation efficiency, and,24
in the case of xenon, high density and stopping power [1]. The successful25
operation of these detectors requires that the noble liquid should be almost26
entirely free of non-inert impurities such as O2 and H2O because these species27
impair the transport of both scintillation light and ionization charge.28
Achieving extremely low levels of electronegative impurities is of par-29
ticular concern for ionization detectors. For example, the presence of O2 at30
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only the part-per-billion level will give rise to a free electron lifetime of several31
hundred microseconds, which is comparable to the drift time of many present-32
day detectors [2]. Next generation experiments will require drift distances33
an order of magnitude larger than those currently existing, and therefore34
a proportional increase in the purity must be obtained. Reliably achieving35
such purities is a significant technical barrier that these experiments must36
overcome.37
While a variety of noble gas purification technologies have been shown38
to give good results [3–10], the most common technology in use today is39
the heated zirconium getter. Zirconium is an effective absorbent because40
its surface bonds with virtually any non-noble gas species [11], including41
O2, H2O, N2, CO2, and CH4. These getters are operated at a temperature of42
several hundred degrees Celsius, which encourages impurities that are bonded43
to surface sites to diffuse into the bulk, leaving the surface available for44
additional gettering. The efficiency improves significantly as the temperature45
increases due to the decrease in the diffusion time [12–14].46
Zirconium getters designed for noble gas purification are commercially47
available, and the SAES Monotorr series in particular has been widely adopted48
for particle detection applications. SAES specifies and guarantees the per-49
formance of the Monotorr for helium and argon service, but they have not50
performed any measurements in xenon due to the high cost of this rare gas.51
We are not aware of any previous measurements of the performance of the52
Monotorr in gaseous xenon with sensitivity at the part-per-billion level.53
It is reasonable to expect that the getter performance in xenon will be54
similar to that of argon and helium, and xenon detectors have seen good55
results while using these purifiers. Nevertheless, it is conceivable that the56
getter temperature may be negatively affected by the high mass of this noble57
gas, and this could reduce the purifier’s efficiency.58
Here we report measurements of the xenon purification efficiency of the59
SAES Monotorr PS4-MT3 [15]. We have studied the performance of this60
zirconium getter for removal of O2 and N2, two common electronegative im-61
purity species found in small quantities in virtually all sources of xenon. We62
have also studied the removal of methane, a less common contaminant which63
is present in the atmosphere at only the part-per-million level. Methane is64
not electronegative, so it does not present a problem for charge transport.65
In fact, a few percent of methane is sometimes added to xenon in order to66
increase the charge drift speed [16]. Methane can also have negative conse-67
quences, however, because it quenches the dimer molecules responsible for68
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the fluorescence emission [17].69
We have chosen to study methane removal from xenon for several reasons.70
First, methane is largely inert, so it represents one of the most challenging71
cases for a xenon purifier [14, 18–20]. Second, our measurement technique is72
sensitive to methane at concentrations as low as 60 · 10−12 g/g, and there-73
fore we can measure the purifier performance very accurately for this gas.74
Finally, methane isomers such as 14CH4 or CH3T are candidates for inter-75
nal beta calibration sources for large liquid xenon experiments. Since these76
sources would need to be removed from the xenon at the conclusion of the77
calibration run, it is important to understand quantitatively the performance78
and limitations of the zirconium getter for this impurity.79
2. Measurement technique80
The xenon handling system for our experiments is shown in Fig. 1. Xenon81
gas is stored in one of two 15.73 liter aluminum storage cylinders and supplied82
to the system through a regulator. The gas is cryopumped into the second83
cylinder by immersing it in liquid nitrogen. The plumbing is designed to84
allow the gas to flow either through the purifier (purify mode) or around the85
purifier (bypass mode). Flow rates were measured using a mass flow meter86
from MKS. The absolute scale of the flow meter is calibrated by transferring87
a known mass of xenon gas at a constant rate through the meter.88
To measure the purity of the xenon gas before and after purification, we89
use an RGA/coldtrap technique described in Ref. [21]. We use a leak valve90
to sample the gas composition at the output of the purifier. The chemi-91
cal composition of the sampled gas is measured by a residual gas analyzer92
(RGA, model: SRS RGA200), a mass spectroscopy device which operates at93
low pressures (10−5 Torr or less). To improve the sensitivity of the method,94
we remove most of the xenon from the low pressure gas sample with a liq-95
uid nitrogen coldtrap before it reaches the RGA. The impurities which we96
study in this paper (N2, O2, and CH4) have relatively high vapor pressures97
compared to xenon at 77 K, and they survive the cold trap in large enough98
quantities to be measured. The selective rejection of the xenon gas allows99
the sampling rate of the leak valve to be vastly increased without saturating100
the RGA with a high partial pressure of the bulk xenon gas. The measure-101
ment is calibrated by preparing xenon gas samples which are spiked with102
known amounts of the various impurities under study. Using this method103
the RGA’s impurity sensitivity is boosted from ∼ 10−5 to 60 · 10−12 g/g for104
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Figure 1: The xenon handling system for the experiment. The impurity concentration of
the gas is analyzed downstream of the purifier using the coldtrap and RGA.
methane. For N2 the limit of detection is less than 10
−9 g/g and for O2 it105
is about 120 · 10−12 g/g. The limitations for the different species are due106
to their specific background levels. All signals used for data analysis were107
background subtracted to compensate for outgassing in the plumbing from108
the coldtrap to the RGA. We expect the boost in the RGA’s performance109
to be an order of magnitude greater if the plumbing from the coldtrap to110
the RGA is baked. We note here that the concentration of impurities in the111
xenon gas is observed to be linear with the partial pressure measured by the112
RGA, so that a factor of ten reduction in the partial pressure corresponds to113
a factor of ten reduction in the concentration. See Ref. [21] for additional114
details.115
We use 3.25 kg of xenon initially purified to the part-per-billion level us-116
ing a Monotorr purifier. After this initial purification, the used zirconium117
cartridge was replaced with a new one. Helium with a purity level of 99.999%118
is added to the xenon with a concentration of 8 ·10−9 g/g to serve as a tracer119
gas during measurements. The tracer provides a useful calibration signal be-120
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cause it is unaffected by both the purifier and the cold trap. The purification121
efficiencies were calculated from the initial and final values of the impurity-122
to-helium ratio. We normalize our measurements to the helium signal in123
order to make small corrections for changes in gas pressure and flow rate.124
Note that these corrections are typically at the level of only a few percent.125
To prepare spiked samples impurities of interest are injected into a known126
volume connected to a pressure gauge. Using purified xenon the impurity is127
flushed out of the injection volume and is cryopumped into a storage bottle128
to allow for full mixing. Uncertainties in the prepared mixtures are within129
5% and are determined from the uncertainty in the injection volume and the130
error in the pressure gauge.131
For each test the xenon handling system is first filled with roughly 1050132
Torr of static xenon gas spiked with 10−6 g/g of the specific impurity under133
study. For this initial fill, the purifier is operated in bypass mode, so that134
the leak valve samples the unpurified gas. The leak valve to the coldtrap is135
opened and the RGA partial-pressure measurements are allowed to stabilize.136
This calibrates the partial-pressure measurements in terms of the known137
concentration of the impurity in the spiked gas sample. Then the plumbing138
is switched to purify mode and xenon is made to flow from its supply bottle139
to a collection bottle passing through the purifier at a fixed flow rate. The140
output pressure of the purifier is maintained at 1050 Torr ± 3% during data141
acquisition to maintain a constant leak rate into the coldtrap and RGA. The142
partial pressure of the impurity is allowed several minutes to stabilize, and143
then its value is recorded. At the conclusion of the measurement, the input144
to the cold-trap is closed to get a background measurement. In some tests,145
using lower leak rates, the leak-valve is opened further at the end of the146
measurement to increase its sensitivity before closing the input.147
For highest sensitivity measurements, it is crucial to minimize the back-148
grounds in the coldtrap. This can be accomplished by making the unpurified149
gas measurement after the purified gas measurement, because the unpurified150
gas can contaminate the coldtrap and RGA plumbing with residual back-151
ground levels for some period of time. For these tests the background level152
is measured first while the coldtrap remains closed and the xenon handling153
system is filled with purified gas. Then the purified xenon is allowed to flow154
through the purifier for 20 minutes at a fixed rate before the leak valve to155
the cold trap is opened. If no change in the impurity level is seen, we place156
a limit on the purified signal by assuming that the residual impurity concen-157
tration in the purified gas is less than 20% of the observed background level.158
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Finally we normalize the measurement (or limit) to the known impurity con-159
centration in the spiked xenon gas by bypassing the purifier and recording160
the resulting impurity level with the RGA.161
Only one data set is taken per day, and the purifier is left at its opera-162
tional temperature overnight. This is done as a precaution to make sure that163
the absorbed impurities have time to diffuse into the bulk of the getter, an164
issue that we discovered while using an older, mostly exhausted purifier. See165
section 4 for more details.166
3. Purifier efficiency results167
We define the purifier efficiency to be the fraction of a given impurity168
which is removed by the purifier in a single pass under specified flow and169
temperature conditions. The inefficiency is the fraction of the impurity which170
remains after a single pass.171
3.1. Methane purification efficiency172
Among the impurities that we measure, the purifier has the smallest total173
absorption capacity for methane, so we tested methane purification first.174
During the course of these experiments, the purifier was exposed to roughly175
16 mg of methane, which is less than the 10% of the cartridge’s estimated176
capacity. To create the xenon-methane mixture we use a methane supply177
bottle which has a stated purity level of 99.999%. In the following, we report178
results for two purifier temperatures, 400 ◦C and 450 ◦C. Unfortunately, we do179
not have physical access to the zirconium in the getter, so we cannot measure180
these temperatures directly. Instead, we quote these temperatures based181
upon the manufacturer’s specifications [22]. Please contact SAES technical182
support before modifying the getter temperature.183
A typical dataset is shown in Figure 2. For this data the xenon was spiked184
with 1 · 10−6 g/g of methane, and the purifier temperature is 450 ◦C.185
This particular experiment proceeded as follows. Prior to the data shown186
in the plot, the coldtrap was cooled to liquid nitrogen temperature, and the187
leak valve was opened. The xenon plumbing system is initially filled in bypass188
mode with the unpurified xenon gas, and the RGA detects a partial pressure189
of about 3 · 10−7 Torr of methane. At time t = 0, the plumbing is switched190
to purify mode, and the xenon gas is made to flow at 7.1 SLPM. The helium191
is unaffected by the purifier, so its partial pressure remains constant, but192
the methane partial pressure is seen to drop by about a factor of 300 over193
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Figure 2: A plot of methane purification data at 450 ◦C and 7.1 SLPM. The leak valve
rate is set to 43 Torr·L/min. See text for further details.
the next few minutes. The xenon partial pressure remains constant due to194
the action of the coldtrap. At 22 minutes, the leak valve is closed, and the195
helium and methane levels drop to their background values, while the xenon196
pressure again remains constant.197
Figure 3 shows a similar dataset, taken at 7.1 SLPM and 400 ◦C. In the198
400 ◦C dataset, we see the methane drop sharply as expected when switched199
to purify mode, and then rise slowly by a factor of ∼2.5 over the next 20200
minutes. In the 450 ◦C dataset (shown in Fig. 2) the slow rise is not present.201
We infer from these results that the getter efficiency is reduced at 400 ◦C by202
the cooling effect of the flowing xenon gas, while at 450 ◦C the getter is able203
to maintain its full efficiency.204
Figure 4 shows how the purification inefficiency for methane depends205
on gas flow rate and purifier temperature. These results are also listed in206
Table 1. As expected, the purifier performed best for methane at the higher207
getter temperature and at lower flow-rates. At 450 ◦C and 2.5 SLPM the208
methane purification efficiency is better than 99.99% and consistent with209
background, while at 400 ◦C and 10 SLPM the efficiency drops to 92.5%.210
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Figure 3: Methane purification data at 400 ◦C and a flow rate of 7.1 SLPM. The leak
valve rate is 43 Torr·L/min. We attribute the slow rise in the methane signal in this data
to the cooling effect of the xenon on the getter. Compare to the 450 ◦C data shown in
Fig. 2, where no rise is evident. Note that 400 ◦C is the default getter temperature.
3.2. N2 and O2 purification efficiency211
The getter cartridge was also tested with 10−6 g/g of O2 and 10
−6 g/g212
of N2 at 400
◦C and at a flow rate of 12.6 SLPM (the maximum achiev-213
able flow rate in our system). In purify mode, both O2 and N2 dropped to214
levels consistent with background, leading to upper limits for the one-pass215
purification efficiency of > 99.988% for O2 and > 99.905% for N2. These216
efficiencies correspond to output purity levels of less than 120 · 10−12 g/g for217
O2 and less than 950 · 10
−12 for N2. We infer from the methane purification218
data that lower flow rates and higher temperatures will achieve even better219
purification efficiencies. For N2 and O2 the purification results in xenon gas220
are consistent with those quoted by the manufacturer for argon and helium.221
4. Purifier Lifetime and Saturation222
Other studies have observed eventual decrease in purification efficiencies223
due to capacity depletion [13]. To track the performance of the SAES PS4-224
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Figure 4: Methane purification inefficiency as a function of flow rate, for two purifier
temperatures. The inefficiency is defined as the fraction of the incoming methane which
remains at the purifier output.
MT3 as its capacity begins to be depleted, we collected the first and last225
methane datasets under identical conditions at a flow rate of 5.0 SLPM and226
a getter temperature of 450 ◦C. We find that after the zirconium has absorbed227
13 mg of methane, the getter inefficiency increases from 0.01% to 0.03% (see228
Figure 4). Furthermore, the measurement at 5.0 SLPM was repeated a third229
time after leaving the purifier with 1000 Torr of xenon at its operational230
temperature for one month without use. The purifier’s performance appears231
to improve somewhat after this interim period. However, the final methane232
signal for this dataset was only a few percent above the background, and it is233
difficult rule out a systematic effect of this magnitude over such a long time234
period.235
4.1. Purifier life-status light236
The SAES PS4-MT3-R purifier is equipped with a life-status light which237
indicates when the absorption capacity of the getter has been exhausted.238
The control electronics for the purifier infers the status of the getter by mea-239
suring its resistance. As a practical matter, it is important to note that this240
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Gas flow rate Temp. Init. conc. Final conc. 1-pass eff. 1-pass ineff.
Species [SLPM] [C] 10−6 [g/g] 10−9 [g/g] [%] [%]
CH4 2.5 ±.05 400 1.2 < 0.24 > 99.98 < 0.02
CH4 5.0 ±.05 400 1.8 4.3± 0.36 99.76± 0.02 0.24± 0.02
CH4 7.1 ±.05 400 1.0 17± 0.07 98.35± 0.07 1.65± 0.07
CH4 10 ±.05 400 1.2 89.5± 3.6 92.53± 0.30 7.47± 0.30
CH4 2.5 ±.05 450 1.0 < 0.085 > 99.991 < 0.009
CH4 5.0 ±.05 450 1.8 0.162± 0.09 99.988± 0.005 0.012± 0.005
CH4 7.1 ±.05 450 1.0 0.190± 0.08 99.846± 0.008 0.15± 0.008
CH4 10 ±.05 450 1.8 22.1± 1.1 98.77± 0.06 1.23± 0.06
O2 12.6 ±.05 400 1.0 < 0.120 > 99.988 < 0.012
N2 12.6 ±.05 400 1.0 < 0.954 > 99.905 < 0.095
Table 1: Purification results for O2 , N2, and methane. Initial concentrations are ac-
curate to within 5%. The error in inefficiency is calculated from the final and initial
background-subtracted signals, each normalized to helium. Each data point was deter-
mined by averaging a stabilized signal over a period of one minute. The typical standard
deviation in the signal was found to be 2%.
measurement is sensitive primarily to O2 and other oxygen containing im-241
purities, since zirconium oxide has a higher resistance than pure zirconium.242
Other zirconium compounds, such as zirconium nitride, do not cause a dra-243
matic change in the resistance of the getter, and their presence will not be244
detected by the resistance measurement. Therefore the purifier’s ability to245
remove N2 and methane may be depleted long before the life-status light246
changes from ’good’.247
In fact, when we initially tested our purifier with an older getter cartridge248
that had been in use in our lab for about two years, we observed that the249
purifier’s performance with respect to N2 and methane was dramatically250
diminished although the life-status was indicated as ’good’. At 0.5 SLPM251
the used getter cartridge was still effectively removing O2 while allowing252
nearly 100% of N2 and methane to pass through at 400 C, as shown in Fig.253
5. Note that this purifier model, when new, is rated for use up to a maximum254
flow rate of 20 SLPM for argon and helium. We also note that this model255
is designed to remove about 40 g of O2, 2-3 g of N2 and about 200 mg of256
methane in its lifetime [22].257
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Figure 5: Purification results with an old zirconium cartridge. The purifier remains ef-
fective for O2 removal, but N2 and methane performance is seriously diminished. The
purifier’s life-status light still indicates ’good’.
Before replacing the used getter cartridge, we performed a final test com-258
paring its purification efficiencies at 400 ◦C to 450 C, for N2 and methane.259
The xenon used in the test had 4 · 10−6 g/g of methane and about 30 · 10−6260
g/g of N2. The results are shown in Figure 5. These tests confirmed that261
the used cartridge performs better at the higher getter temperature and at262
lower flow rates. We also observed that the performance of the used getter263
cartridge would improve somewhat after leaving the getter at its operational264
temperature for one or more days. This observation is consistent with the ex-265
pected decrease in the impurity diffusion rate as the bulk zirconium becomes266
saturated near the end of its life.267
In total, our results illustrate the utility of having a dedicated gas purity268
measurement device to monitor the performance of the getter.269
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5. Summary270
O2 and N2 are removed from xenon very efficiently by the getter. Con-271
centrations at the outlet are less than 120 · 10−12 g/g and 955 · 10−12 g/g,272
respectively, and are consistent with background. The corresponding single-273
pass purification efficiencies are greater than 99.99% and 99.9% respectively.274
These values were measured at a flow rate of 12.6 SLPM, and at the default275
getter temperature of 400 ◦C. We expect that performance at lower flow rates276
and higher temperatures is even better. These results are consistent with the277
manufacturer’s specifications for the getter in argon and helium.278
Methane removal from xenon is most effective at lower flow rates and279
higher getter temperatures. The removal efficiency is better than 99.99%280
at 450 ◦C and 2.5 SLPM and drops to 92.5% at 400 ◦C and 10 SLPM.281
We attribute the decrease in getter effectiveness at higher flow rates to the282
cooling effect xenon gas has on the getter.283
For flow rates of five SLPM or higher, the residual methane concentration284
at the outlet of the getter can be decreased by about a factor of ten by285
increasing the temperature from 400 ◦C to 450 ◦C.286
After absorbing 13 mg of methane, we see residual methane in the pu-287
rified gas increase by a factor of three. We attribute this effect to a partial288
saturation of the purifier’s methane absorption sites.289
The getter can become saturated with N2 and methane while remaining290
effective for O2 removal. For xenon use, the manufacturer’s life-status light is291
not well suited for determining when N2 or methane saturation has occurred.292
Therefore, additional techniques should be employed to determine the status293
of the getter with respect to these species. In many systems of interest for294
particle detection, we expect the N2 capacity of the purifier to be exhausted295
before the O2 capacity.296
Since the getter performance in xenon improves at higher temperatures, it297
seems reasonable that higher temperatures should always be employed when298
purifying this heavy noble gas. Alternatively, a xenon gas pre-heater could299
be introduced immediately upstream of the purifier to reduce or eliminate300
the cooling effect. We have not attempted this strategy in our lab, but we301
would expect good results based on our experience with this purifier.302
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